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Hyperproliferation and Defects in Epithelial
Polarity upon Conditional Ablation of
a-Catenin in Skin
ation and differentiation. When expressed ectopically in
cultured cells, E-cadherin imparts an adhesive, epitheli-
oid morphology. Conversely, disrupting mutations in
E-cadherin correlate with invasiveness and metastasis.
In some human cancers, including squamous cell carci-
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nomas, underexpression of AJ proteins is often a prog-The University of Chicago
nostic marker of poor clinical outcome (Shiozaki et al.,5841 S. Maryland Avenue
1994; Bagutti et al., 1998; Perl et al., 1998; Yap, 1998),Chicago, Illinois 60637
and E-cadherin mutations have been identified in fami-
lies susceptible to gastric cancer (Guilford et al., 1998).
Cancer cells possess multiple genomic alterationsSummary
that can make their responses very different from their
wild-type counterparts. Although re-expression of E-cad-When surface epithelium was conditionally targeted
herin or a-catenin can restore epithelioid morphologyfor ablation of a-catenin, hair follicle development was
in vitro, and attenuate tumorigenic properties of cancerblocked and epidermal morphogenesis was dramati-
cells in nude mice (Watabe et al., 1994; Bullions et al.,cally affected, with defects in adherens junction for-
1997), embryos lacking specific cadherins die appar-mation, intercellular adhesion, and epithelial polarity.
ently due to tissue degeneration (Larue et al., 1994;Differentiation occurred, but epidermis displayed hy-
Uemura et al., 1996; Carmeliet et al., 1999). These find-perproliferation, suprabasal mitoses, and multinucle-
ings have led to the view that when AJ formation isated cells. In vitro, a-catenin null keratinocytes were
compromised on an otherwise wild-type background,poorly contact inhibited and grew rapidly. These differ-
the effects of ablating cell adhesion may be oppositeences were not dependent upon intercellular adhesion
to those in a tumor. Thus, the functions of AJ proteinsand were in marked contrast to keratinocytes condi-
in general and the consequences of their absence intionally null for another essential intercellular adhesion
cancers have been complex and elusive.protein, desmoplakin (DP). KO keratinocytes exhibited
Most studies on AJ gene mutations have been con-sustained activation of the Ras-MAPK cascade due to
ducted on tumors isolated from adult tissues, whereaberrations in growth factor responses. Thus, remark-
additional mutations in protooncogenes have been as-ably, features of precancerous lesions often attributed
sumed, albeit not established, to be involved in the phe-to defects in cell cycle regulatory genes can be gener-
notype. Mutations in one or more of the members of theated by compromising the function of a-catenin.
Ras-mitogen-activated kinase (MAPK) pathway, or in
genes encoding cell cycle proteins such as Rb, are oftenIntroduction
conjectured as likely candidates responsible for the
upregulation in the MAPK pathway and hyperprolifera-Adherens junctions (AJs) are intercellular structures
tion that are hallmarks of cancer cells. In contrast, muta-prominent in epithelia (Drubin and Nelson, 1996; Gum-
tions in the genes encoding cell adhesion proteins havebiner, 2000). The transmembrane core of the AJ is com-
been attributed to the invasive characteristics (reviewedposed of cadherins, of which E-cadherin is the epithelial
by Kinzler and Vogelstein, 1996; Yuspa, 1998; Hanahanprototype. Specialized cadherins (desmogleins and des-
and Weinberg, 2000). Curiously, mutations in desmoso-mocollins) form less dynamic and more robust struc-
mal proteins have not been associated with cancers,
tures called desmosomes (Kowalczyk et al., 1999). In
despite their importance in intercellular adhesion.
response to calcium, homotypic interactions specify
To assess the importance of AJ proteins on an other-
cell–cell connections (Nose et al., 1988) that are reliant wise wild-type background, and to directly test the
upon the cytoplasmic domain of the cadherin. For des- significance of the correlation between loss of these
mosomal cadherins, this domain binds plakoglobin and proteins and characteristics typically associated with
desmoplakin and indirectly associates with intermediate cancer, we have examined the consequences of a-cat-
filaments (IFs; Kowalczyk et al., 1999). In contrast, E-cad- enin protein ablation in otherwise normal newborn mice.
herin’s cytoplasmic domain binds b-catenin, which in Since a-catenin is required for very early vertebrate em-
turn binds a-catenin (Drubin and Nelson, 1996; Gum- bryo development (Kofron et al., 1997; Torres et al.,
biner, 2000). While b-catenin has been implicated in 1997), a conditional knockout approach was needed to
signal transduction and regulation of adhesion, a-cat- explore its function in somatic tissues. In the present
enin is required to link the AJ to the actin cytoskeleton study, we used the keratin 14 promoter to activate Cre
(Yonemura et al., 1995; Adams et al., 1998; Vasioukhin recombinase and specifically target ablation of a-cat-
et al., 2000). enin gene expression in developing surface and oral
Cell adhesion molecules and their association with epithelia.
the actin cytoskeleton play an important role not only Our results reveal many unexpected results in the skin
in the maintenance of tissue integrity, but also in prolifer- of animals whose keratinocyte a-catenin is ablated. In
addition to the anticipated loss of AJs, epidermal cell
polarity was altered, and hyperproliferation and multinu-* To whom correspondence should be addressed (e-mail: nliptak@
midway.uchicago.edu). cleate cells were prevalent. The entire epithelium bore
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the characteristics of squamous cell carcinoma in situ, 1C). Immunofluorescence verified that the recombi-
nation of the a-E-catenin allele was both efficient anda precancerous skin condition. As judged from studies
keratinocyte specific. While anti-a-catenin antibodieson keratinocytes cultured from a-catenin null epidermis,
stained wild-type (WT) skin (Figure 1D), staining wasthese features were not a secondary consequence of
absent throughout the epidermis of a-catenin condi-injury/damage to the skin, but rather appeared to be cell
tional null (KO) skin (Figure 1E). Anti-a-catenin stainingautonomous and independent of intercellular adhesion.
in the blood vessels served as a good internal controlWe have explored the underlying basis for these most
since the K14-Cre gene is not active in these structures.surprising findings, and we have found that in vivo and in
Immunoprecipitation and Western analysis revealedvitro, keratinocytes that lack a-catenin display a marked
no major changes in the levels of other AJ proteins, andincrease in Ras- and mitogen-activated kinase (MAPK)
E-cadherin retained its association with b-catenin andactivity. We show that in the absence of a-catenin, E-cad-
most other AJ proteins (Figure 1J). These data wereherin complexes with insulin receptor substrate 1 (IRS-1),
consistent with those on a-catenin null blastocysts andand that the insulin/MAPK signal transduction pathway is
cultured cells (Torres et al., 1997; Vasioukhin et al.,directly responsible for the hyperproliferative phenotype
2000), verifying that a-E-catenin is not required for theof a-catenin null keratinocytes.
assembly or stabilization of E-cadherin/armadillo family
protein complexes.Results
E-cadherin and other AJ proteins still localized to cell
borders in the absence of a-catenin (examples in FigureConditional Knockout of the a-Catenin Gene
1). Prominent cell border staining was also observedin Mice
with antibodies against proteins specific for desmo-Previously, we engineered K14-Cre recombinase mice
somes and tight junctions (not shown). By immunofluo-and documented the high (near absolute) efficiency and
rescence microscopy, the only signs of defective cell–specificity of Cre-mediated recombination in skin epi-
cell junctions came from anti-vinculin and phalloidinthelial stem cells and their progeny (Vasioukhin et al.,
(actin) staining. However, at the ultrastructural level, in-1999). The K14 promoter is strongly upregulated at em-
tercellular junctions were visibly perturbed (Figure 2).bryonic day 13.5–14.5 (e14.5), and by birth, most kera-
Adherens junctions and continuous epithelial sheetstinocytes in the skin score positive for the targeted re-
failed to form and many intercellular gaps (asterisks)combination event.
existed, indicative of unsealed membranes. In addition,The a-E-catenin gene was isolated from a mouse 129/
fewer desmosomes and tight junctions were observed.Sv genomic library, and restriction mapping and partial
sequencing identified two exons, the first of which en-
Loss of a-E-Catenin Impairs Hair Developmentcoded the translation initiation codon and 34 additional
and Causes Major Perturbations in Epidermisamino acid residues lacking known functional domains
Overt developmental abnormalities were traced to e13.5,(Figure 1A). To avoid the risk of generating a truncated
when K14 promoter activity is upregulated (Wang eta-catenin protein from in-frame ATGs in downstream
al., 1997). Newborn, conditionally null a-E-catenin pupsexons, we engineered our targeting vector such that lox
displayed dramatic defects in their skin and limbs (Fig-sequences flanked the second exon; removal of this
ure 3A). Large segments of epidermis were missing andexon generates an early frame shift and translation ter-
visible peeling occurred at other body sites. Limbs failedmination. The targeting vector (Figure 1A) was used to
to develop fully and the snout was pointed. Mice lackedgenerate two independent RW4 embryonic stem cell
whiskers and displayed diminished signs of hair follicle
(ES) colonies in which a single homologous recombina-
morphogenesis, a process which, like limb develop-
tion event had taken place at the a-E-catenin locus (Fig-
ment, relies upon epithelial–mesenchymal interactions
ure 1B). To delete the floxed neo gene, two clones were (Hardy, 1992). This provided direct in vivo evidence in
transiently transfected with a Cre recombinase gene support of prior ex vivo studies showing that antibodies
under the control of the cytomegalovirus (CMV) pro- against P- and E-cadherins prevent follicle morphogen-
moter, and clones from each parental ES line showed esis in organ culture (Hirai et al., 1989).
successful recombination to remove the neo gene and To limit trauma, embryos were used for most experi-
still retain the floxed second exon. ES technology was ments. We focused on the epidermal defects, which
then employed to produce germline homozygous mice. were dramatic and largely unexpected. In WT epidermis,
dividing keratinocytes are normally restricted to the
Changes in Cell–Cell Junctions basal layer (BL), and as cells withdraw from the cell cycle,
upon a-Catenin Ablation they move outward and differentiate, producing spinous
Animals homozygous for the floxed a-catenin allele dis- layers (SP), granular layers (GR), and dead stratum cor-
played no phenotype, indicating that the genomic ma- neum cells (SC) (frame 3B). Alpha-catenin null epidermis
nipulations had neither created unexpected changes was thick and disorganized, particularly within the basal
nor interfered with a-catenin function. These animals layer, where it was difficult to discern the epidermal-
were bred further to generate newborn animals trans- dermal boundary (Figure 3). Basal cells were round and
genic for K14-Cre and homozygous for the manipulated spinous cells did not flatten. Intercellular gaps appeared
a-E-catenin allele. Northern analysis of total e18.5 skin to be weakest at the basal/suprabasal junction, separat-
RNA revealed reduced (.103) a-catenin mRNA (not ing the outer layers from the skin (frame D). Despite
shown), and Western blot analysis of epidermal proteins these abnormalities, morphological signs of differentia-
detected a-E-catenin protein in wild-type (1/1) and het- tion persisted (frame C). Similar features were also seen
at the ultrastructural level (Figure 2).erozygous (1/2) samples, but not (2/2) samples (Figure
Alpha-Catenin Conditional Knockout in Skin
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Figure 1. Generation of a-Catenin Null Mice
(A) Four genomic states of the a-E-catenin allele. WT, wild-type allele; T, targeted allele, containing desired recombination event; F, floxed
allele, containing loxP sequences flanking a-catenin’s exon 2; R, the desired recombined allele, lacking exon 2. Abbreviations: S, SacI; triangles,
loxP sequences; Ex1, exon containing ATG translation initiation codon. 59 and 39 probes for Southern analysis are denoted by black bars.
Fragments expected from SacI digestion and hybridizing to either 59 or 39 probe are indicated by the thin double-arrowed lines.
(B) Southern analyses of SacI digested genomic DNAs isolated from: first two blots, positive ES clones before (T) or after (F) transient
transfection with CMV-Cre, and last blot, tail or dispase-separated epidermis (epi) and dermis (der) of skins either transgenic for K14-Cre
and/or wild-type (1/1), heterozygous (1/2), or homozygous (2/2) for floxed a-E-catenin allele. Sizes of hybridizing bands are in kb.
(C) Western analysis of epidermal proteins. Blots were processed for crossreactivity with a-catenin and b-actin antibodies. Molecular masses
are in kDa.
(D–I) Immunofluorescence. Frozen sections of WT and knockout (KO) skins were processed for indirect immunofluorescence and visualized
by confocal microscopy. Matched set of frames are from double labelings of same sections stained with DAPI (blue) to label cell nuclei.
Primary antibodies were against proteins indicated, with either Texas red (a-catenin or phalloidin) or FITC (E-cadherin) secondary antibodies.
Arrows, a-catenin positive blood vessels (BV); dotted line, basement membrane (BM). Bar represents 50 mm.
(J) Cadherin–catenin complexes isolated from e18.5 epidermis of WT and a-catenin null (KO) embryos. Total proteins were extracted and
subjected to SDS-PAGE either directly (total) or following immunoprecipitation with antibodies against preimmune sera (con) or E-cadherin.
Following electrophoresis, proteins were subjected to Western analysis using the antibodies indicated.
Interestingly, mitotic figures were detected through- unusually large, features observed in both internalized
epithelial masses and in epidermis (Figure 3C). A reflec-out a-catenin null epidermis (Figure 3, frames E and F).
In some regions, disorganized masses of keratinocytes tion of aberrant mitoses, multinucleation was confirmed
by analysis of in vitro cultures: 22% 6 7% of null basalwere seen within the dermis (Figure 3, frames G–K).
These dermal epithelial masses displayed morphology keratinocytes versus 4% 6 3% of wild-type basal kera-
tinocytes. Taken together, the morphology consisting ofand differentiation characteristic of epidermis and not
hair follicles. This feature was consistent with the ob- hyperproliferation, defects in cell polarity, abnormally
large and multinucleated keratinocytes, and mitoses inserved block in hair follicle morphogenesis. Masses
were particularly large in areas where skin was devoid of multiple cell layers and in the dermal epithelial masses
bore a resemblance to a precancerous condition, whichsurface epidermis, suggesting that these masses arose
from invagination of surface epithelium into dermis. in humans is known as squamous cell carcinoma in situ
(Freedberg et al., 1999).KO keratinocytes were quite frequently binucleate and
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Figure 2. Intercellular Junctions Are Impaired in a-Catenin Null Epidermis
Skins from e18.5 WT (frames A and C) and KO (frames B and D) mice were processed for electron microscopy.
(A) Note columnar basal cells (BC) and flattened spinous cells (SP). White line denotes lamina densa (LD), demarcating the dermal/epidermal
border.
(B) Note loss of columnar morphology in basal cells and disorganized suprabasal cells. No adherens junctions or tight junctions were detected,
and membranes did not seal (asterisks and double arrows in [B] and [D]). A few desmosomes were still seen in the lower spinous layer, but
numbers were reduced by more than 10-fold (D). Additional abbreviations: De, desmosome; AJ, adherens junction; SC, stratum corneum;
GR, granular layer; Nu, nucleus; double arrows in (C), perfectly sealed membrane. Bar represents 2 mm in (A) and (B) and 200 nm in (C)
and (D).
Hyperproliferation in a-Catenin Null Epidermal Cells (monoclonal AE15), or Lef1, an early marker of hair folli-
cle morphogenesis (data not shown). These findingsIs Independent of Defects in Cell–Cell Adhesion
We next used immunofluorescence microscopy to ex- were consistent with an epidermal origin of these
masses.amine the expression of epidermal markers of differenti-
ation, extracellular matrix, cell-substratum attachment, The inner epidermal layers seemed particularly af-
fected in a-catenin null epidermis. Anti-K5 staining ex-and proliferation (Figure 4). Antibodies against well-
characterized markers of terminal differentiation, includ- tended aberrantly into the suprabasal layers (frames B
and C). Antibodies against the basement membraneing involucrin, filaggrin, and loricrin, revealed patterns
indistinguishable between control and mutant skin (not marker laminin 5 revealed atypical deposition in upper
layers and gaps in staining along the basement mem-shown). Some patches of (2/2) epidermis were absent
for K1, one of the two major keratins expressed in spi- brane (frame D). Abnormalities were also seen in b4-
integrin, normally confined to the juncture where epider-nous cells (frame A). Despite a few local perturbations,
however, the biochemical program of differentiation was mis adheres to basement membrane. In KO epidermis,
staining was diffuse at the basal surface, and often atstill operative. Epidermal differentiation-specific mark-
ers were also detected in the epithelial masses; these lateral and apical surfaces of basal cells (frame E).
Additional immunofluorescence microscopy revealedmasses did not stain with antibodies against hair kera-
tins (monoclonal AE13), inner root sheath markers potential abnormalities in epidermal proliferation. Anti-
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Figure 3. Visible and Histological Abnormalities in a-E-Catenin Null Skin
(A) Representative a-catenin null (KO) and controls (WT) from newborn (nb) and e16.5 litters.
(B–K) Hematoxylin- and eosin-stained skin sections. Abbreviations: BL, basal layer; SP, spinous layers; GR, granular layers; SC, stratum
corneum; de, dermis; hf, hair follicle. Arrowheads denote seemingly multinucleate cells; arrows denote epidermal invaginations resulting in
dermal masses of epithelium beneath the skin surface. Insets in (H) and (K) denote mitoses, prevalent within these masses. Brackets denote
suprabasal mitoses. Bar in (B) represents 80 mm in (B)–(F), 120 mm in (G)–(I), and 240 mm in (J) and (K).
bodies against keratin 6 did not stain WT epidermis, geted for loss of desmoplakin (DP), a desmosomal pro-
tein necessary for linking cytoskeleton to desmosomesbut did stain throughout the suprabasal layers of KO
epidermis (frame E) and within interior layers of associ- (details of the DP KO phenotype to be published else-
where). Both animals showed severe intercellular adhe-ated epithelial masses (frame F). In epidermis, K6 is a
differentiation marker typically seen under conditions of sion defects with comparable degrees of epidermal sep-
arations and skin peeling. However, in striking contrasthyperproliferation (Sun et al., 1984; Stoler et al., 1988).
Antibodies against the proliferative marker Ki67 labeled to a-catenin null epidermis, DP KO epidermis displayed
normal anti-Ki67 labeling, K6 staining, and epidermalepithelial masses extensively as well as all layers of KO
epidermis (frames G and I); in contrast, WT epidermis polarity without noticeable internalized epithelial masses
(example in frame J). This is compelling evidence thatshowed labeling that was restricted to the inner most
basal layer (frame H). defects in epidermal polarity and cell proliferation are a
direct and specific consequence of a-E-catenin ab-To assess whether these unexpected changes might
be a result of tissue injury or a mandatory consequence lation.
The hyperproliferative and invasive characteristics ofof defective intercellular adhesion, we compared skin
from a-catenin null animals with skin conditionally tar- a-catenin null epidermal cells were also observed in
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Figure 4. Regulated Differentiation, but Per-
turbations in Polarity and Proliferation in
a-Catenin Null Epidermis
Immunofluorescent staining of WT and KO
skins (either a-catenin null or desmoplakin
null). Insets depict WT staining patterns. Pri-
mary antibodies were against proteins indi-
cated at lower left of frames. Secondary anti-
bodies were: FITC for E-cadherin (typically at
cell borders of all epidermal layers), K5, and
b4-integrin (typically only in basal cells); Texas
red for keratin 1 (an epidermal terminal differ-
entiation marker normally found in suprabasal
epidermal cells), laminin 5 (a basement mem-
brane component), keratin 6 (typically seen in
suprabasal layers of hyperproliferating epi-
dermis), and Ki67 (a nuclear antigen marker
of proliferating cells). Arrow in (C) denotes
laminin 5 staining in suprabasal KO cell, not
seen in WT; arrow in (D) denotes break in
basement membrane, not seen in WT. Dotted
lines denote epidermal-dermal borders. Bar
represents 30 mm for (F) and (G) and 50 mm
for (A)–(E) and (H)–(J).
vitro (Figure 5). Pure populations of keratin 5/14 positive, over, the KO cells grew abnormally fast. In contrast
to the littermate controls, which were confluent atprimary epidermal keratinocytes were readily obtained
by isolating the epidermis from dispase-treated KO and z200,000 cells per well and doubled every z24 hr, KO
cells were poorly contact inhibited and prior to conflu-WT littermate skins, and culturing the cells in the pres-
ence of 15% serum and insulin to favor keratinocyte ence, doubled every z13 hr. Interestingly, this difference
persisted even in low calcium medium, i.e., under condi-growth (Vasioukhin et al., 2000). Control littermate kera-
tinocytes formed continuous epithelial sheets when at tions where AJs and desmosomes do not form (Figure
5I). This result strengthens the view that hyperprolifera-high density in normal, calcium-containing medium
(frame A). In contrast, KO keratinocytes were rounder tion is a direct consequence of the a-catenin null state
and not one that arises secondarily from a loss of inter-and overgrew the monolayer, piling into foci characteris-
tic of tumor cells (frames B and C; reviewed by MacPher- cellular adhesion.
Finally, we examined the ability of WT and KO kera-son, 1970). Anti-K5 and anti-K14 staining confirmed the
keratinocyte origin of the foci (frames D and E). The tinocytes to reenter the cell cycle after withdrawing se-
rum and insulin supplements from the culture medium.impairment of contact inhibition was also reflected in
the downregulation of p27 (frame F), a cyclin-dependent 14 hr after readdition of serum and insulin, cells were
trypsinized and subjected to fluorescence-activated cellkinase inhibitor implicated in contact inhibition (St Croix
et al., 1998). sorting (FACS). KO keratinocytes were significantly
more responsive to growth/serum factors than their WTLoss of a-catenin did not seem to affect the ability of
keratinocytes to traverse a membrane in migration assay counterparts; more than twice the number of KO cells
progressed from G0/G1 to G2/M during this time (Fig-chambers, at least under the rich media conditions used
here (frame G). However, when membrane filters were ure 5J).
precoated with Matrigel (extracellular matrix), KO kera-
tinocytes exhibited an increased ability to break down Sustained Activation of Ras-MAPK as a Consequence
of a-Catenin Ablationthe matrix and traverse the filter after a chemoattractant
(medium conditioned by fibroblast feeder cells) was To address how loss of a-catenin might lead to hyper-
proliferation, we examined several candidate signaladded to the bottom chamber (frame G). These findings
were intriguing given the interruptions seen in the base- transduction pathways that could be involved. A priori,
in the absence of a-catenin, b-catenin’s stability mightment membrane of a-catenin null epidermis.
Alpha-catenin null mouse keratinocytes displayed ad- increase, enabling it to influence gene transcription reg-
ulated by the Lef1/Tcf family of DNA binding proteins.ditional features characteristic of transformed cells. In
contrast to WT keratinocytes, which required a fibro- However, we did not detect major differences in the
levels of b-catenin associated with E-cadherin (see Fig-blast feeder layer for long term growth (.7 days) in
high calcium, KO keratinocytes grew equally well in the ure 1J) or in overall b-catenin levels (see below). More-
over, using an antibody that can detect nuclear b-cat-presence or absence of a feeder layer (Figure 5H). More-
Alpha-Catenin Conditional Knockout in Skin
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Figure 5. Alpha-Catenin Null Keratinocytes
In Vitro Exhibit Impaired Contact Inhibition,
Invasion through Extracellular Matrix, and
Hyperproliferation
Epidermis from skins of either a-catenin con-
ditional null animals (KO) or wild-type lit-
termates (WT) was separated from dermis,
and pure populations of K14/K5 expressing
keratinocytes were cultured as described
previously (Vasioukhin et al., 2000).
(A–C) Differential interference contrast (DIC)
images of WT (A) and KO cells (B and C),
cultured on a mitomycin C-treated fibroblast
feeder layer in the presence of high calcium
medium and photographed 10 days after
reaching confluence. Note the presence of
an epithelial sheet of WT keratinocytes that
show sealed membranes at intercellular junc-
tions, evidence of contact inhibition. In con-
trast, KO keratinocytes are round and pile up
into multilayered foci, evident at both high (B)
and low (C) magnification. These foci form
irrespective of whether KO keratinocytes are
grown on feeders or not.
(D–E) Indirect immunofluorescence micros-
copy of WT (D) and KO (E) keratinocytes cul-
tured as above and labeled with anti-K5
(green) and anti-K14 (red).
(F) Protein extracts from KO and WT keratino-
cytes were subjected to Western blot analysis
with an antibody against p27, known to be
upregulated upon E-cadherin-mediated cell–
cell adhesion (St. Croix et al., 1998). Shown
also is Coomassie blue staining to illustrate
equivalent loadings of samples.
(G) Migration and invasion assays were per-
formed by using Matrigel Invasion Chambers,
with or without extracellular matrix, as de-
scribed in Experimental Procedures. Without
Matrigel, roughly equivalent numbers of kera-
tinocytes migrated from the top to the bottom
chamber in response to the attractant (fibro-
blast-conditioned medium); with Matrigel, an
equivalent number of cells attached, but KO
cells displayed a marked increase in their
ability to invade the extracellular matrix and
move to the bottom chamber.
(H) Growth curves of WT and KO keratino-
cytes cultured in the presence of high cal-
cium, serum, and insulin supplemented me-
dium, 6 fibroblast feeder cells (see Experimental Procedures for details). Under the conditions employed, WT cells require a feeder layer;
they reached confluence 4 days after cell counting was initiated. In contrast to WT cells, KO cells grew more rapidly, and independently of
the feeder layer. Error bars reflect the standard deviation within each set of triplicate wells counted.
(I) Growth curves of WT and KO keratinocytes cultured in the presence of low calcium medium, i.e., conditions that prevent intercellular
junction formation. (Note: under low calcium conditions, mouse keratinocytes are normally cultured in the absence of a feeder layer.) Note
that KO cells still grew more rapidly than WT cells.
(I) FACS analyses of WT and KO keratinocyte cultures first placed in serum and insulin-free medium for 48 hr and then supplemented with
serum and insulin for 14 hr. Note that after stimulation, fewer WT cells had progressed to the G2/M phase of the cycle by 14 hr. At later times,
WT cells did progress through the cell cycle and proliferate, verifying that this difference is a reflection of a lag in responding to serum/insulin
supplements. Bar represents 120 mm (A,B, D, and E); 240 mm (C).
enin (U. Gat, B. Merrill, and E. F., unpublished data), was the underlying cause of hyperproliferation in a-cat-
enin null skin epithelium.we did not detect nuclear b-catenin in a-catenin null
epidermis (not shown). Finally, a-catenin null epidermis In searching further for a molecular explanation for
the unanticipated hyperproliferation of KO epidermis,did not reveal activation of the TOPGAL reporter gene,
which relies upon stabilized b-catenin (DasGupta and we discovered that antibodies against activated (phos-
phorylated) MAPK displayed enhanced and specificFuchs, 1999). An overall paucity of TOPGAL expression
in a-catenin null/TOPGAL mice correlated with the pau- staining only in the a-catenin null state (Figure 6). Such
changes were also seen in the tumor-like masses ofcity of hair follicles, which typically show TOPGAL activ-
ity. Taken together, these findings made it unlikely that KO skin (not shown). Sustained MAPK activation was
confirmed by Western blot analysis and it also occurredtransactivation of b-catenin/Tcf/Lef1 regulated genes
Cell
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Figure 6. Sustained Activation of Ras-MAPK Cascade in a-Catenin Null Epidermis and Cultured Keratinocytes
(A–F) Frozen sections of WT (A and D), a-catenin KO (B, E), and desmoplakin KO (C and F) skins were processed for immunohistochemistry
using panel antibodies (pan MAPK) against Erk1/2 (A–C) or specific antibodies (act MAPK) for activated (Thr202/Tyr204) Erk1/2 (D–F). Note
that upon activation, Erk1/2 concentrates in the nucleus. Dotted lines denote epidermal-dermal borders. Bar represents 50 mm.
(G) Immunoblot analyses and Ras activity assays. Total proteins were extracted from the epidermis or from cultured epidermal keratinocytes
of wt and ko animals. In the top five panels, proteins were resolved by SDS-PAGE and subjected to immunoblot analyses with antibodies
against all Erk1/2 isoforms (total MAPK), the phosphorylated, i.e., activated, Erk1/2 forms (active MAPK), or Ras as indicated to the left of
each panel. In the bottom panel, GTP bound Ras was detected using a GST pulldown assay. Numbers below bands represent a quantitation
of the results and shows the fold difference in densities between the bands in WT (arbitrarily set at 1.0) versus KO cells.
in KO cultures, indicating that the effect is cell autono- provided a direct link between the a-catenin null state,
mous (Figure 6G). Notably, sustained MAPK activation hyperproliferation, increased insulin sensitivity, and en-
was not observed in epidermis conditionally targeted hanced Erk MAPK and Ras activation.
for desmoplakin (Figures 6C and 6F). This argues further KO keratinocytes also displayed increased sensitivity
against the notion that Ras-MAPK activation in a-cat- to insulin-like growth factor 1 (IGF-1), but not to epider-
enin null epidermis is simply a wound-healing response mal growth factor (EGF) or to serum (Figure 7A). The
induced by perturbations in epidermal cell–cell ad- response appeared to be specific for MAPK activation,
hesion. as KO and WT keratinocytes treated with insulin and/
GTP bound Ras was the most central effector of or IGF-1 displayed similar activation levels of the phos-
Erk1/2 MAPKs that seemed relevant to the phenotype phoinositide-3 activatable kinase, AKT (Figure 7A; shown
observed. As judged by an assay measuring the ability of are data for insulin). This was somewhat surprising since
activated Ras to bind to the downstream effector kinase in mesenchymal cells, PI3K activation plays a major role
Raf1 (Herrmann et al., 1995), we observed a substantial in insulin-mediated metabolic responses (Chan et al.,
(.23) increase in the levels of activated Ras in the epi- 1999).
dermis of a-catenin null mice as compared to their con- The increased sensitivity to insulin and IGF-1 was not
trol littermates (Figure 6G). associated with an increase in receptor tyrosine kinase
levels and/or activity, but rather it appeared to involve a
change in the propagation of the signal at a downstreamThe Relevance of Sustained Ras-MAPK Activation
step (Figure 7A). The interacting protein insulin receptorto a-Catenin Null-Mediated Growth Differences
substrate 1, or IRS-1, associates with activated insulinRas isoforms are key regulators of cell growth, and mu-
and IGF-1 receptors and upon tyrosine phosphorylation,tations that lead to sustained activation of Ras/Erk
it can bind both Grb2-SOS (the guanine nucleotide ex-MAPKs predispose epidermis to malignant conversion
change factor for Ras) and phosphoinositide-3 kinase,(Yuspa, 1998; Balmain and Harris, 2000; Wang et al.,
necessary for AKT activation (Myers et al., 1994; Chan2000). The Ras-MAPK pathway is activated by growth
et al., 1999). Recently, it was discovered that IRS-1 canfactors that bind and activate receptor tyrosine kinases.
interact with E-cadherin in colorectal cancer cells (Play-Since we typically add insulin and serum to our mouse
ford et al., 2000). We found that this interaction alsokeratinocyte cultures, we first examined how each of
occurred specifically in a-catenin null and not WT kera-these additives influenced the kinetics of MAPK activa-
tinocytes and that the IRS-1 in the complex becomestion. As shown in Figure 7A, enhanced MAPK-phosphor-
specifically tyrosine phosphorylated upon treatmentylation was observed within minutes after treatment with
with insulin. Thus, when protein extracts from insulin-insulin. The activated MAPK response was significantly
treated KO keratinocytes were immunoprecipitated with(.83) more pronounced in the KO cells, as was the
ability of insulin to stimulate Ras activation. These data E-cadherin antibodies, and subjected to SDS-PAGE and
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Figure 7. The Growth Advantage and Sustained MAPK Activation of a-Catenin-Deficient Keratinocytes Observed In Vitro Arises from an
Altered Response of KO Cells to Insulin
(A) Measurements of activated MAPK, Ras, AKT, Shc, and tyrosine kinase receptors in response to insulin. WT and KO cells were growth
arrested for 24 hr in medium lacking serum and insulin. To stimulate cells, serum or one of several growth factors (insulin, IGF-1, or EGF) was
added to the medium as indicated. At t 5 0, 1, 2, 10, 30 min, or 5 hr after supplementing the medium, proteins were isolated and subjected
to Western blot analysis with the antibodies indicated. In some cases, extracts were immunoprecipitated with antibodies prior to Western
analyses. Antibodies against the phosphorylated forms of the proteins are those against the active forms.
(B) Association of insulin receptor substrate 1 (IRS-1) with E-cadherin. Total proteins were isolated from WT and KO keratinocytes cultured
for 24 hr in the absence of serum/insulin and then stimulated with 10 mg/ml insulin for 2 min. Extracts were used to immunoprecipitate
indicated proteins with control serum or with antibodies against E-cadherin or IRS-1. The precipitates were then analyzed by SDS-PAGE and
Western blots were probed with antibodies (Ab) against anti-phosphotyrosine (pY), E-cadherin, IRS-1, or a-catenin. Note: the satellite band
recognized by anti-E-cadherin antibodies in the anti-E-cadherin immunoprecipitate is a degradation product of E-cadherin that was always
more prominent in the a-catenin null cells.
(C) Quantitation of the difference in activation (phosphorylation) of indicated proteins extracted from WT and KO cells after stimulation with
insulin for one minute. Data were obtained from Western blots shown in (A). Data were normalized based upon the amounts of total (acti-
vated 1 nonactivated) protein in each sample, and represent the fold difference in activation (phosphorylation) of the proteins. WT values at
time 0 were arbitrarily set at 1.0.
(D) Quantitation of complex formation between IRS-1 and E-cadherin. Data were obtained from the experiment outlined in (B). Data show the
percentages of E-cadherin immunoprecipitated with IRS-1 antibodies and, conversely, IRS-1 immunoprecipitated with E-cadherin antibodies.
(E) Cell proliferation assay. WT and KO cells were plated in the presence of 15% serum, 5 mg/ml insulin, and high calcium. Parallel cultures
were plated in similar medium, but either without insulin or in the presence of the MAPK inhibitor PD98059. Comparable numbers of KO and
WT cells attached after plating overnight (“plated”). After two days in culture, cells were trypsinized and counted. Error bars reflect the standard
deviation within each set of six wells counted.
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anti-phosphotyrosine Western blot analysis, tyrosine- plasia. In fact, however, the prevailing notion has been
that a reduction in cell–cell adhesion is but one compo-phosphorylated IRS-1 was detected (first blot of Figure
nent of the tumorigenic phenotype, which collectively7B). Anti-IRS-1 antibodies also immunoprecipitated E-
requires the dysregulation of additional oncogenes. Mu-cadherin in KO but not WT cells (second blot of Figure
tations in adhesion genes have been assumed to be7B). In this case, complexes were detected irrespective
important largely for detachment and relocation of tu-of whether insulin had been added to the medium.
mor cells and not sustained hyperproliferation or gener-A summary of these data is provided in Figures 7C and
ation of multinucleate cells.7D. The findings demonstrate that in KO keratinocytes
While attractive, the above hypothesis does not pro-treated with insulin, IRS-1 is phosphorylated and forms
vide an adequate explanation for why mutations in des-a complex with E-cadherin/b-catenin, thereby providing
mosomal cadherins and/or their cytoskeletal linker pro-a link between insulin/IGF-1 receptors and these AJ
teins have not been associated with cancers, despiteproteins. Downstream from these changes is an in-
their equally important role in intercellular adhesion. Ourcrease in the activation of Ras and MAPK.
results uncovered an intriguing difference between mu-Finally, we examined whether the enhanced prolifera-
tations in AJ versus desmosomal proteins. Despite simi-tion in KO keratinocytes was attributable to their in-
lar severity in intercellular adhesion defects, a-catenincreased sensitivity to the insulin in the culture medium.
mutations resulted in uncontrolled growth, whereas des-When insulin was withheld from the serum-supple-
moplakin mutations did not. These findings underscoremented growth medium, the growth difference between
that the explanation resides within the specific adhesionKO and WT cultures was no longer observed (Figure
gene mutated, rather than the reduction in intercellular7E). This difference was also obliterated upon treatment
adhesion per se.of the cells with PD98059, a potent inhibitor of the MAPK
Several lines of evidence suggest that the functionspathway (Figure 7E). Thus, while inhibition of Erk MAPK
of AJ proteins might extend beyond a mere adhesiveattenuated the growth of both KO and WT cells, it erased
role to include epithelial polarity and growth. Thus, forthe growth advantage of the KO cells in complete me-
example, transfections of AJ genes into carcinoma celldium. Thus, sustained activation of Erk MAPKs ap-
lines rescued microvilli formation and apical/basal po-peared to be necessary for the proliferative advantage
larity in vitro (Watabe et al., 1994), and/or attenuatedof a-catenin null keratinocytes, and in culture, this differ-
their ability to form tumors in nude mice (Bullions et al.,ence was dependent upon insulin.
1997; see also Nathke et al., 1994; St Croix et al., 1998).
In opposition of a growth regulatory role, however, hasDiscussion
been the knockouts of several cadherin genes, which
cause early embryonic lethality and tissue degenerationUnexpectedly Broad Effects for a Single
(Larue et al., 1994; Uemura et al., 1996; Carmeliet et al.,Dysfunctional Gene: More to a-Catenin
1999; see also Torres et al., 1997). Our studies demon-than Adherens Junction Formation
strate that the effects on hyperproliferation and epithe-Disruption of the a-catenin gene in embryonic mouse
lial polarity can be segregated from those on cell–cell
cells leads to a preimplantation defect in trophoblast
adhesion. In vitro, the difference in proliferative rates
epithelium, and the carboxyl terminus of the protein is
between a-catenin null and control keratinocytes ex-
required for this function in vivo (Torres et al., 1997). isted even under conditions where cell–cell adhesion
Alpha-catenin is also required for AJ formation in vitro was suppressed. Thus, a novel importance can be as-
and for reorganization of actin filaments during epithelial signed to a-catenin that goes beyond its well-estab-
sheet formation (Adams et al., 1998; Vasioukhin et al., lished role in intercellular adhesion.
2000). Our data now extend these prior observations to
a-catenin null epidermis, which displays abnormalities A Possible Molecular Basis for the Potent
in intercellular adhesion and actin organization. Hyperproliferative Effects of a-Catenin Ablation
The remarkable finding of the present study is that A priori, a number of possible mechanisms could ac-
dysfunction of a-catenin so profoundly changes the epi- count for how a loss of a-catenin might lead to hyper-
dermis and adorns it with many of the characteristics proliferation. An important insight came from our discov-
of a precancerous state known as squamous cell carci- ery that sustained activation of the Ras-MAPK pathway
noma in situ. The effects went well beyond the mere is coupled to a loss in a-catenin. This striking result
loss of AJ formation to include uncontrolled growth, places a-catenin ablation upstream of this cascade, and
multinucleate cells, partial loss of epithelial polarity, and provides an explanation for the potent hyperproliferative
the appearance of large epidermal masses in the dermis. effects of a-catenin ablation in skin. In epidermis in vivo,
Since the entire epithelium of the a-catenin null skin the sustained activation of Erk1/2 MAPKs correlated
was affected shortly after the conditional targeting event strongly with uncontrolled growth and not loss of inter-
was induced, these dramatic and sweeping changes cellular adhesion. Thus, while ablation of desmoplakin
must be primary, i.e., attributable solely to the loss of and a-catenin each resulted in a dramatic impairment of
this protein. intercellular adhesion, only the a-catenin null epidermis
A correlation between AJ dysfunction, tumor invasion, showed marked hyperproliferation and phospho-MAPK
and metastasis has long been known. At first glance, antibody staining. In epidermal keratinocytes in vitro,
given the substantial evidence that links epithelial can- hyperproliferation could be blocked with Erk1/2 path-
cers with a reduction in AJs, it may not seem so surpris- way inhibitors, suggesting that sustained activation of
ing that a-catenin ablation in skin epidermis leads to MAPK is responsible for the uncontrolled growth of
these cells.many of the features of precancerous squamous meta-
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and embedded in paraffin. Sections (5 mm) were stained with hema-How does loss of a-catenin lead to sustained MAPK
toxylin and eosin, examined and photographed using an Axiophotactivation? Although many signal transduction path-
microscope (Carl Zeiss, Thornwood, NY). For immunofluorescence,ways converge at this point, the activation of transmem-
frozen sections of tissues or cells on the glass coverslips were fixed
brane integrins and tyrosine kinase growth factor recep- in 4% paraformaldehyde in PBS for 10 min and were subjected to
tors are known to influence MAPK activation and lead double indirect immunostaining (Gallicano et al., 1998) and analyzed
using a confocal microscope LSM 410 (Carl Zeiss, Thornwood, NY).to reduced intercellular adhesion in keratinocytes and
Primary antibodies used were: E-cadherin (Zymed, San Francisco,other epithelial cells (Hodivala and Watt, 1994; Kinch et
CA; Sigma Chemicals, St. Louis, MO); b-catenin, Shc, phosphory-al., 1995; Higgins et al., 1998; Espada et al., 1999; von
lated tyrosine (pY), and p120 (Transduction Laboratories, Lexington,Schlippe et al., 2000). Although we did not detect in-
KY); laminin 5 (Sigma, St. Louis, MO); keratin 5 (1:400, 10); keratin
creased migration in cultured a-catenin null keratino- 6 (1:500, Dr. P. Coulombe); keratin 10 (Babco, Richmond, CA); Ki67
cytes, integrin expression extended suprabasally and (Vector laboratories, Burlingame, CA); b4-integrin and p27kip (Phar-
mingen, San Diego, CA); a-catenin (Sigma, Transduction Labora-their localization was apolarized in epidermis in vivo.
tories); pan Ras (Oncogene Research, Cambridge, MA); IRS-1 andWhether integrin activation is altered in a-catenin null
IGFRb (Santa Cruz, Santa Cruz, CA); MAPK and phosphorylatedskin and whether this accounts for some of the effects
(activated) MAPK, AKT and phosphorylated AKT (New England Bio-observed needs to be explored in more depth.
labs, Beverly, MA). Dilutions were according to the manufacturer’s
While a direct link to integrin signaling has not yet recommendations. Fluorescence-conjugated secondary antibodies
surfaced, we accumulated substantial evidence directly were from Jackson ImmunoResearch (West Grove, PA).
linking E-cadherin/b-catenin complexes to growth fac-
Separation of Epidermis, Primary Keratinocytes Isolation,tor tyrosine receptor pathways. In a-catenin null kera-
and Culturetinocytes, the hyperproliferative response and sustained
Separation of epidermis and isolation of keratinocytes were as de-MAPK activation were clearly coupled, and directly at-
scribed (Wang et al., 1997). Mouse keratinocyte culture conditions
tributable to the presence of insulin added as a key for high calcium with fibroblast feeder layers were as for human
growth supplement to the culture medium. In vivo, addi- epidermal keratinocytes with the exception that we typically omit
EGF, leaving insulin as the primary growth factor additive (Rheinwaldtional growth factors may play a role in this process.
and Green, 1975). 24 well plates were prepared with or without aOur studies indicate that the perturbation in growth
mitomycin C-treated fibroblast feeder layer and seeded with 25,000factor response occurs downstream of IR/IGFR activa-
keratinocytes per well. For low calcium, 5000 keratinocytes per welltion and appears to be rooted in an altered interaction
were seeded and cells were cultured in the absence of a feeder
between IRS-1 and E-cadherin. At present, we don’t layer as previously described (Wang et al., 1997). Media was
know how this leads to activation of the Ras-MAPK changed daily for the first 6 days and every 12 hr on the 7th and
8th days as necessary. For harvesting, wells were trypsinized andpathway, but other investigators have shown that acti-
counted in triplicate. Cell cycle analyses were performed using pro-vated IRS-1 can directly bind to the Ras guanine nucleo-
pidium iodide staining and FACS. For extracellular matrix invasiontide exchange factor Grb2-SOS. Another downstream
assays, Matrigel coated and noncoated cell inserts were used asIRS-1 effector, Fyn, may also be involved as activated
specified by the manufacturer (Becton Dickinson, Bedford, MA).
Fyn levels were higher in a-catenin null epidermis in To analyze the response of keratinocytes to growth factors, cells
vivo and dominant negative Fyn erased the difference at 70%–80% confluence were incubated for 24 hr in serum/growth
factor free media, and then stimulated by addition of insulin (10 mg/in MAPK activity between KO and WT keratinocytes in
ml), IGF-1 (50 ng /ml), EGF (50 ng/ml), or fetal calf serum up to 15%.vitro (data not shown). However, these signal transduc-
To inhibit the MAPK pathway, cells were grown in media containingtion pathways are complex and often intersecting and
5 mg/ml PD98059 (Calbiochem) and the media was changed every
additional mechanisms for activation of the Ras-MAPK 12 hr.
cascade may be involved.
In summary, our data reveal that loss of a-catenin not Ras Activity Measurements
Ras activity was measured by using a “pulldown assay” with aonly compromises intercellular adhesion, but also leads
fusion protein of GST linked to the GTP-Ras binding domain of Raf1to an altered response of keratinocytes to several differ-
(Herrmann et al., 1995). Briefly, epidermis was extracted with bufferent growth factors that activate membrane bound tyro-
[25 mM Hepes, pH 7.5, 150 mM NaCl, 1% NP40, 0.25% sodium
sine kinase receptors on the surface of epidermal cells. deoxycholate, 10% glycerol, 25 mM NaF, 10 mM MgCl2, 1 mM EDTA,
At least one growth factor receptor pathway leading to 1 mM sodium orthovanadate] in the presence of a complete set of
sustained activation of Ras-MAPK is directly coupled protease inhibitors (Roche, Indianapolis, IN). Total epidermal protein
(500 mg) was combined with 10 mg of the GST-Raf1 fusion protein,to E-cadherin/b-catenin complexes through IRS-1. In
and incubated for 2 hr at 48C with rotation. A 50% slurry of glutathi-vitro, without insulin, the growth advantage of a-catenin
one-sepharose (50 ml) was added to each sample and incubatednull keratinocytes is obliterated, suggesting that this
for an additional hour. After washing the beads four times with lysis
pathway is likely key in manifesting the uncontrolled buffer, bound GTP-Ras was released by boiling in 1 3 SDS loading
growth response of the a-catenin null state. The ability buffer, and after SDS-PAGE and immunoblotting, anti-panel-Ras
antibodies were used to identify the protein.of a-catenin null mutations to not only perturb AJs, but
also to constitutively activate Ras-MAPK provides a
MAPK (Erk1/2) Activity Measurementsbasis for why we observed more dramatic effects with
SDS-PAGE and immunoblot analyses were used to identify the
a-catenin ablation in skin epithelium than has been ob- Erk1/2 proteins in epidermis or cultured keratinocytes. The active,
served with classical MAPK activating oncogenes. i.e., phosphorylated, form of Erk1/2 was identified with anti-phos-
pho-MAPK (Thr202/Tyr204) antibodies. A Molecular Dynamics Den-
Experimental Procedures sitometer was used to quantitate the results.
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